rary petrous internal carotid artery (ICA) occlusion using a Fogarty balloon embolectomy catheter, which was placed extraarterially within the carotid canal for cavernous sinus surgery. 48 The aim of this anatomical study was to revisit this technique of ICA proximal control from the endoscopic endonasal route. The surgical technique, anatomical consideration, and possible clinical applications are discussed.
Methods
To perform this study, 10 fresh human cadaver heads were dissected at the Laboratory of Surgical Neuroanatomy in the Human Anatomy and Embryology Unit, Faculty of Medicine, Universitat de Barcelona, Spain. The surgical positioning of the head was simulated in the dissection laboratory; each head was slightly extended, turned 10° toward the surgeon, and fixed in a rigid 3-pin MayfieldKees device. Endoscopic dissections were performed using a rigid endoscope that was 4 mm in diameter and 18 cm in length with 0° and 30° optics (Karl Storz). The endoscope was connected to a light source through a fiberoptic cable and to a camera (Endovision Telecam SL, Karl Storz) fitted with 3 charge-coupled device sensors.
To obtain a suitable file of anatomical images, a digital videorecorder system was used.
Results
In our anatomical study, dissections were performed following the steps of the endoscopic endonasal paraseptal approach between the nasal septum and the middle turbinate. The posterior wall of the sphenoidal sinus was exposed. A bony opening was then created at the sellar floor, exposing the dura overlying the pituitary gland and thus safely gaining access to the dural layer. The bony fenestration was enlarged laterally and posteriorly as far as the paraclival ICA. A 40-cm 3-Fr Fogarty occlusion catheter (Edwards Lifesciences Corp.) was inserted at the bony opening and directed toward the paraclival carotid artery.
The Fogarty catheter was then pushed downward extraarterially (between the outer wall of the vessel and the bony wall of the carotid canal) until it naturally stopped (Fig. 1) . The distal end of the catheter was connected to a 3-way stopcock that was attached to a syringe filled with normal saline solution. The balloon of the catheter was inflated with the saline solution and the stopcock was closed, providing a safe temporary occlusion of the paraclival ICA.
After dissection, CT scanning ( Fig. 2 ) and angiography (Fig. 3) were performed in each cadaveric specimen to confirm the positioning of the Fogarty balloon catheter and ICA occlusion. We found a volume of 5 ml of saline solution to be optimal for achieving interruption of blood flow across the paraclival ICA.
The described technique was performed during 2 surgical cases of pituitary macroadenoma with cavernous sinus invasion (Fig. 4A-D) .
Please refer to Video 1, which briefly demonstrates the anatomical dissection and radiological studies that were carried out during our study and one of the surgical cases on which the described technique was performed. 
Discussion
Neurosurgical management of many vascular and neoplastic lesions necessitates control of the ICA, e.g., aneurysms of the paraclinoidal region, tumors invading the cavernous sinus, and skull base tumors. 2, 26, 33, 45, 46, [48] [49] [50] Traditionally, exposing the cervical carotid vessels and placing temporary clips on the cervical ICA can obtain proximal control of the internal ICA. 9, 11, 31, 39 However, neck dissection requires a separate incision and presents the distinct disadvantage of 2 separate operative fields should immediate control of bleeding be necessary, in addition to esthetic considerations. 9, 31 When proximal control of the arterial blood supply to the cavernous sinus region is needed, these disadvantages might be overcome by means of occlusion of the petrous ICA with aneurysm clips or packing material within the carotid canal. 19, 29, 32, 36, 37 Safe exposure of the petrous ICA requires thorough knowledge of the anatomical landmarks of the floor of the middle cranial fossa and is not without the potential for serious complications, such as hearing loss, facial palsy from traction injury to the greater superficial petrosal nerve, or laceration of the ICA when unroofing the carotid canal. 19, 29, 37 After the initial exposure, the ICA must be separated from its sheath of periosteum, venous channels, and sympathetic nerve fibers in order to allow placement of temporary aneurysm clips in preparation for grafting or temporary occlusion of the petrous ICA segment. 19, 32, 36, 37 This extradural approach has been modified by performing a transdural exposure of the petrous ICA and occluding the ICA temporarily with a Fogarty balloon catheter that is placed extraarterially within the proximal carotid canal. This modification is faster and technically simpler than the complete circumferential dissection of the petrous ICA that is required when the occlusion is to be provided by the application of temporary aneurysm clips. 47 Endovascular balloon inflation has also been used to achieve both proximal and distal control of the ICA during aneurysm surgery and proven to be extremely helpful in interrupting local blood flow. 12, 20, 35, 40, 44 The advantages of this technique include greater exposure of the aneurysm for permanent clipping due to the elimination of the need for temporary clips, the improved accuracy of clip placement, and the reduction of the risk of intramural aneurysm thrombus dislodgment due to multiple temporary clipping. 12, 40, 44 However, there are several disadvantages to the routine use of endovascular intraoperative techniques. A dedicated interventional radiologist must stay in the operating room during surgery. Some degree of radiation exposure for the patient and the operating room personnel is unavoidable during an intraoperative angiography procedure. The additional time required for the endovascular setup and intraoperative angiography is usually around 1 hour. The addition of endovascular adjuncts to aneurysm surgery may be associated with potential embolic complications. 12, 20, 35 In this anatomical study, we investigated the feasibility of achieving control of the ICA through the endoscopic endonasal approach by temporary occlusion with a Fogarty balloon catheter. In our opinion, using a Fogarty catheter rather than temporary aneurysm clips is well suited to endoscopic endonasal surgery. The complete circumferential dissection of the ICA that is required when the occlusion is to be provided by the application of temporary aneurysm clips may be complicated by the small and deep corridor provided by the endonasal route. Furthermore, the use of a Fogarty catheter instead of vascular clips increases the available space to perform surgical maneuvers around the ICA.
Anatomical and Technical Considerations
In this anatomical study, temporary occlusion of the ICA with a Fogarty balloon catheter was achieved in all cases through a paraseptal approach, which can be considered a fast, safe, and minimally invasive procedure. 5, 34 Exposure of the ICA bilaterally in the sellar region can be achieved with this approach with no need for the removal of the middle turbinate. 1, 5, 22, 27, 43 The paraclival segment of the ICA is easily recognized and accessed. 1, 5, 22, 34 Occlusion of the ICA is gained extradurally, thus eliminating the risk of cerebrospinal fluid leakage, which is often associated with the majority of endoscopic endonasal procedures. If the interruption of blood flow across the ICA has to be obtained by compression, the Fogarty balloon catheter has to be inflated where the vessels are surrounded by rigid structures. Otherwise, the ICA will be displaced and not occluded, with the risk of damaging other anatomical structures. Theoretically, the petrous ICA at the foramen lacerum fulfills this anatomical and functional criterion. We started anatomical dissections with the aim of inflating the Fogarty catheter at this level, thus compressing the artery against the bone of the posterior wall of the sphenoidal sinus ventrally, the petroclival junction medially, the dura of the temporal lobe laterally, and the fibrous lower portion of the foramen lacerum dorsally. During our study, however, we found that the catheter naturally stops before reaching the petrous ICA along the course of the paraclival ICA, where it hits the inferior petrosal ligament or any other bony prominence. The encasement of the paraclival ICA was rigid enough, thus allowing for it to be compressed and occluded by the Fogarty balloon without needing to reach the foramen lacerum. The important neurovascular structures at this level are the posterior apex of the cavernous sinus and the sympathetic fibers traveling from the surface of the carotid to the abducens nerve before ultimately being distributed to the first trigeminal division. 3, 7, 41 Since compression is temporal and causes minimal displacement of the ICA, this anatomical relationship should not represent a contraindication to the technique.
Possible Clinical Applications
Temporary occlusion with a Fogarty catheter balloon of the paraclival ICA through the endoscopic endonasal paraseptal approach can be used, should intraoperative rupture of the vessel occur. Operating around the ICA creates the possibility of its rupture. 4, 6, 15, 16, 21, 41, 46 The endoscopic endonasal approach is minimally invasive and access to the ICA is minimal. 15, 16, 46 This is especially true in the case of endoscopic endonasal skull base surgery due to the long narrow surgical corridor and the difficulty of maintaining endoscopic vision of the injury within a visual field that becomes quickly obscured. 4, 6, [15] [16] [17] 21, 30, 46 ICA injury during endoscopic pituitary surgery is an infrequent event, with an incidence of 0.5% to 1.1%. However, more extended endoscopic resections have a higher incidence of ICA rupture at 4% to 9%. 4, 6, 17, 30, 41 We reported 2 surgical cases of pituitary macroadenoma invading the cavernous sinus that we considered at high risk for ICA injury. The Fogarty balloon catheter was positioned at the paraclival ICA before tumor removal was started. In the case of rupture of the artery, this would have given us the chance to temporally control the surgical field, avoiding indiscriminate nasal packing and vascular occlusion and perhaps reducing complications and saving the patient's life. Once the surgical field is controlled, hemostatic techniques can be implemented under endoscopic visualization or, if necessary, by resorting to other surgical or endovascular maneuvers.
The technique of ICA temporary occlusion may be a useful option during the removal of highly vascularized tumors of the suprasellar region, cavernous sinus, and anterior cranial fossa. By occluding the artery, blood flow to the tumor can be reduced, thus facilitating its debulking.
The application of endonasal surgery remains controversial for vascular lesions. 14, 18, 23, 27 The technique we described in this study could simplify achieving proximal control of the ICA in the setting of endoscopic endonasal surgery for a vascular lesion in the anterior circulation. Given the limited visualization area, circumferential dissection of the ICA to allow placement of temporary clips may be complicated, especially in the setting of intraoperative rupture. Positioning temporary clips further reduces the surgical space, complicating dissection of the aneurysm and clipping of the neck with preservation of the perforators. Control of the proximal anterior communicating arteries, which are hidden above the optic nerves and chiasm, can be risky. A potential bilateral occlusion of the paraclival ICA by compression with a Fogarty balloon may allow for the control of contralateral blood flow across an anterior communicating artery aneurysm.
Besides the application of the temporary occlusion of the paraclival ICA with a Fogarty balloon catheter to pure skull base endoscopic endonasal surgery, this technique might be considered for cases that use endoscope-assisted transcranial microsurgical approaches. When vascular control of the ICA has to be planned before starting transcranial surgery, e.g., for paraclinoidal aneurysm surgery, an endoscopic endonasal paraseptal approach can be performed and the Fogarty catheter left in situ as an alternative to exposing the cervical carotid vessels or performing endovascular techniques. The balloon may then be inflated or not, depending on the surgical needs.
Tips and Complications
In our experience, Fogarty balloon placement into the paraclival ICA canal results in a fast and easy procedure. The average time for balloon positioning could be estimated to be between 3 and 10 minutes. A 4-hand technique is required, with 1 surgeon holding the endoscope and the instrument, and the other inserting the catheter from the contralateral nostril and keeping the surgical field clean with aspiration. Once the Fogarty catheter appears in the sphenoid cavity, it must be directed anteroposteriorly, with its distal end leaning on the planum sphenoidale. The catheter is brought closer to the paraclival ICA and pushed extraarterially along the artery with the use of grasping forceps, taking care not to damage the balloon by grasping the catheter too close to its proximal end. Bone removal at the sellar floor is minimal, just as much as is required to access the dural plane. Exposing the dura of the sella and then extending the bone removal laterally toward the paraclival ICA is probably safer than a straight exposure of the artery by drilling the paraclival bone protuberance. Exposure of the paraclival ICA is reduced to its identification, with no need for wider visualization of the artery. The Fogarty balloon is inserted extraarterially along the paraclival ICA with a direction parallel to the course of the artery. No specific angulation of the catheter is required since it will naturally advance along the ICA, as any other direction is obstructed by the rigid bony and dural structures that encase the carotid at this level. Once the surgeon feels any resistance when inserting the Fogarty catheter extraarterially along the paraclival ICA, the maneuver should stop. Any attempt to further push the Fogarty catheter could cause rupture of the balloon against bony edges. Insertion of the balloon for a few millimeters inside the paraclival ICA canal is enough to obtain the vessel's compression and occlusion when the balloon is inflated (Fig. 5) .
The potential risks and complications of temporary occlusion of the paraclival ICA are stroke and thromboembolism. Neuromonitoring of brain activity, e.g., with electroencephalography or evoked potentials, is recommended during surgery. Another possible complication could be direct damage to the carotid artery by positioning and inflating the Fogarty balloon. In our study, we did not experience this. Postoperative CT or MR angiography could allow for the assessment of ICA patency at the same time as the extension of lesion removal. The presence of the Fogarty catheter inside the small surgical area provided by the endoscopic endonasal approach to the cavernous sinus region could represent an impediment during tumor removal. However, in our experience, we were able to remove the cavernous portion of the pituitary adenomas. Because of its small diameter, the Fogarty catheter does not obstruct the entrance of any other surgical instruments. It is flexible and it can be sutured outside the nasal cavity; thus, the Fogarty balloon would not accidentally exit the paraclival ICA canal during surgical maneuvers.
Conclusions
This anatomical study shows that temporary occlusion of the paraclival ICA with a Fogarty balloon catheter through the endoscopic endonasal route might be another maneuver that is useful for obtaining intraoperative control of the vessel, which is an alternative to complex microsurgical approaches that expose the petrous ICA, temporary clips in the surgical field, or endovascular techniques. It is a fast, safe, minimally invasive, and potentially temporary bilateral technique. This study also demonstrates another means by which the endonasal endoscopic approach can enhance the neurosurgical armamentarium. Further clinical studies are needed to prove the efficacy of this method.
